Adiponectin demonstrates beneficial effects in various metabolic diseases, including diabetes, and in bowel cancer. Recent data also suggest a protective role in colitis. However, the precise molecular mechanisms by which adiponectin and its receptors modulate colitis and the nature of the adaptive immune response in murine models are yet to be elucidated. Adiponectin knock-out mice were orally administered dextran sulfate sodium for 7 days and were compared with wild-type mice. The severity of disease was analyzed histopathologically and through cytokine profiling. HCT116 colonic epithelial cells were employed to analyze the in vitro effects of adiponectin and AdipoR1 interactions in colonic injury following dextran sulfate sodium treatment. Adiponectin knock-out mice receiving dextran sulfate sodium exhibited severe colitis, had greater inflammatory cell infiltration, and an increased presence of activated B cells compared with controls. This was accompanied by an exaggerated proinflammatory cytokine profile and increased STAT3 signaling. Adiponectin knock-out mouse colons had markedly reduced proliferation and increased epithelial apoptosis and cellular stress. In vitro, adiponectin reduced apoptotic, antiproliferative, and stress signals and restored STAT3 signaling. Following the abrogation of AdipoR1 in vitro, these protective effects of adiponectin were abolished. In summary, adiponectin maintains intestinal homeostasis and protects against murine colitis through interactions with its receptor AdipoR1 and by modulating adaptive immunity.
The intestinal epithelial cell (IEC) 2 layer is in a state of constant renewal. New IECs are formed in the stem cell compartment at the base of intestinal crypts and then migrate to the villus tip and are subsequently shed after they undergo apoptosis. Simultaneously, these cells also react to inflammatory cues from gut bacteria and the host immune response. In healthy individuals, an intact IEC layer provides a protective barrier to limit the transfer of undigested intestinal contents and gut bacteria. In contrast, in disease, IEC apoptosis outweighs proliferation leading to disruption of the IEC layer as seen in inflammatory bowel diseases (IBD), including ulcerative colitis and Crohn's disease (CD). Importantly, IBD is a significant cause of morbidity with near 51,000 deaths in 2013, increasing prevalence in Europe, Asia, and the United States, and a significant economic burden (1) (2) (3) (4) .
IBD, and importantly ulcerative colitis, have been labeled as immune-mediated diseases driven by autoreactive T cells due to dysfunction of tolerogenic mechanisms (5, 6) . However, B cells also have a role in mucosal immune responses, secreting immunoglobulin A, which assists in the maintenance of barrier function, as well as reducing immune responses to the local microbiota (7) (8) (9) (10) . Additionally, evidence suggests that B cells promote intestinal epithelial damage (9) .
The pathogenesis of IBD is complex and multifactorial, including both genes and environment and their interactions (11) (12) (13) . Clinical studies demonstrate strong associations between increased body mass index (14 -16) and IBD risk, as also for clinical complications (17, 18) . Interestingly, inversely associated with body mass index levels are reduced serum levels of the adipocytokine, adiponectin (19) . Adiponectin (APN) signals through two receptors AdipoR1 and AdipoR2 and numerous studies now establish a protective role for this protein against metabolic diseases such as type 2 diabetes and atherosclerosis (20 -23) . Adiponectin also modulates inflammatory responses in a number of gut diseases, including inflammatory bowel disease and colorectal cancer (24, 25) . However, it remains unresolved how APN influences IEC survival and modulates immune responses during colitis.
Here, using the dextran sulfate sodium (DSS) model and APN knock-out (APN-KO) mice, we assessed the function of APN in colitis. Significantly, we observed in APN-KO mice increased IEC damage, B-cell accumulation, and up-regulated STAT3 signaling. These effects were modulated through its receptor AdipoR1. Our results suggest that limited levels of APN modulate colitis progression through multiple actions.
Results

APN absence promotes colitis and dysregulates epithelial homeostasis
As would be expected from the known anti-inflammatory effects of adiponectin, colonic pathology analyses of APN-KO mice treated with DSS revealed distorted epithelial crypt architecture accompanied by a significant immune cell infiltrate compared with all other groups (WT control, WT DSS, and APN-KO control; Fig. 1A) . A histological scoring system was developed and KO mice had 2-fold greater colon damage than their WT counterparts ( Fig. 1, D and E) . APN-KO mice had reduced colon length (p Ͻ 0.05) ( Fig. 1B and C) , reduced body weight (p Ͻ 0.01) (Fig. 1F ), and increased rectal bleeding compared with controls (data not shown). Through quantitative real-time (qRT)-PCR it was found that APN-KO DSS-treated mice had increased expression of the proinflammatory cytokines IFN-␥ (2-fold; p Ͻ 0.05), TNF-␣ (1.3-fold; p Ͻ 0.05), CXCL1 (3-fold; p Ͻ 0.01), and CXCL10 (1.5-fold; p Ͻ 0.01, Fig.   Figure 1 . APN-KO mice are more susceptible to DSS-colitis than WT mice. A, H&E histology from WT and APN-KO of the descending colon, asterisk (*) shows inflammation and architectural distortion. B, representative images of colonic shortening in APN-KO colitic mice, and C, colonic length reduction following DSS between all groups. D, a histological scoring system used to evaluate the mouse cohorts, and E, APN-KO mice had 2-fold more damage that WT. F, reduced weight after DSS treatment in APN-KO colitic mice compared with other groups. G, proinflammatory cytokine profile of APN-KO colitic mice compared with WT colitic mice, showing an increase in IFN-␥ and TNF-␣ (p Ͻ 0.05 for both groups), CXCL1 and CXCL10 (p Ͻ 0.01 for both groups). Scale bar, 100 m. *, p Ͻ 0.05, ** p Ͻ 0.01. 1G). Hence, APN-KO mice have greater susceptibility to DSS-induced colitis and an enhanced colonic inflammatory response.
We next examined for markers of cell proliferation and apoptosis in WT and APN-KO mice treated with DSS. Immunofluorescence for proliferation with anti-Ki67 antibodies, and for apoptosis with FLICA TM to detect caspase-3 and Ϫ7 activity showed a 5-fold decrease in Ki67 and a 2.3-fold increase in caspase-3 and -7 staining (p Ͻ 0.001 for both) in APN-KO DSS groups compared with WT controls (Fig. 2, A and B) . Analysis of stress pathways by Western blot analysis confirmed increased phosphorylation of p38 MAPK (1.6-fold; p Ͻ 0.01) and ERK1/2 (5-fold; p Ͻ 0.05) in APN-KO DSS colons compared with controls. This was accompanied by reductions in PI3K (2.4-fold; p Ͻ 0.01) and Akt (3-fold; p Ͻ 0.001) compared with that in controls ( Fig. 3 , A-E). Taken together, these data suggest that APN absence, accompanied by DSS treatment, reduces proliferation and increases epithelial apoptosis and promotes cellular stress.
APN mediates protection through AdipoR1
To understand how APN affects cellular signaling in the colon, we next examined for expression of adiponectin receptors AdipoR1 and -R2. By Western blot analysis APN-KO mice with DSS colitis had a 3-fold (p Ͻ 0.001) increase in AdipoR1 protein, whereas AdipoR2 was reduced 2-fold compared with controls (p Ͻ 0.05; Fig. 3 , A, F, and G). Considering the signifi-cant increase in total AdipoR1 protein expression in APN-KO colitic mouse colons, we assessed the association between APN and AdipoR1 by immunofluorescence to ascertain functional localization within the gut wall. As expected, APN and Adi-poR1 co-localized to the luminal interface, and within the IECs (Fig. 3H) .
To test the importance of APN and AdipoR1 interactions in DSS-induced colitis, HCT116 epithelial cells were utilized in cellular assays. DSS treatment increased protein expression of AdipoR1 and the subsequent addition of APN reduced this 1.3fold (p Ͻ 0.01). Likewise, protein levels of modulators of cellular stress and apoptosis: p53, p-ERK1/2, and p-p38 MAPK, increased following DSS treatment. The addition of APN reduced their levels by 1.8-, 1.6-, and 2.5-fold, respectively, compared with DSS treatment alone, although this failed to achieve statistical significance. Likewise, anti-apoptotic Bcl-2 levels decreased after DSS application and increased 1.8-fold after APN treatment (p Ͻ 0.05 in both instances; Fig. 4 , A-G). Subsequent immunofluorescence analysis for Caspase-3 and -7, and Ki67, and BrdU incorporation confirmed that DSS promoted HCT116 apoptosis and reduced proliferation. The addition of APN reduced cell death and promoted mitosis ( Fig. 4 , H, I, and J).
To further confirm that AdipoR1 was responsible for mediating the protective actions of APN, siRNA was used to knock- down this receptor in vitro. Western blot and qPCR for Adi-poR1 confirmed reduced protein and gene expression by nearly 70% (Fig. 5 , A-C). In the context of reduced levels of AdipoR1, APN could not counteract the actions of DSS with respect to p53, Bcl-2, p-AKT, p-ERK1/2, and p-p38 MAPK, as they were unchanged after APN treatment ( Fig. 5 , D-I). Furthermore, and consistent with the earlier data, immunofluorescence for Ki67 and Caspase-3 and -7, and BrdU incorporation confirmed that in the absence of AdipoR1, APN could not promote proliferation or limit apoptosis ( Fig. 5 , J-L). Taken together, these data suggest that in the DSS model, adiponectin, through Adi-poR1, mediates HCT116 cell survival.
APN-KO colons and spleens exhibit a predominant B cell infiltrate, suggesting immune-mediated disease
Adiponectin promotes anti-inflammatory responses in various disease models (26) . We therefore characterized the colonic immune cell profile of APN-KO and WT littermates. Interestingly, as shown by CD45R staining and dual staining for CD45R and CD40, APN-KO DSS-treated mice had increased numbers of B cells and an activated B-cell infiltrate as indicated by CD45R and CD40 co-localization, which was 2-fold less in WT mice (Fig. 6, A and B) . This observation was confirmed by qRT-PCR analysis showing significantly greater gene expression of CD19 and CD40 in APN-KO colitic mice compared with WT mice treated with DSS (p Ͻ 0.05 and p Ͻ 0.01, respectively; Fig.  6C ). Moreover, additional characterization of inflammation showed a cytokine profile in APN-KO colitic mice that was suggestive of B-cell proliferation, with increased IL-1␤ (2-fold), IL-4 (4-fold), IL-5 (2-fold), and IL-13 (2.6-fold; p Ͻ 0.05, p Ͻ 0.001, p Ͻ 0.05, p Ͻ 0.001, respectively; Fig. 6C ). Furthermore, ELISA of tissue homogenates confirmed increases in IL-1␤ (1.4-fold), IL-4 (1.3-fold), and IL-6 (5-fold; p Ͻ 0.01, p Ͻ 0.0001, p Ͻ 0.0001, respectively).
As colitis is associated with enhanced macrophage activity and has been suggested to be a T-cell-mediated disease, we next examined for these changes. Markers of macrophages were increased in APN-KO DSS mice as determined by CD68 gene expression (8.4-fold) and F4/80 immunofluorescence (2-fold) when compared with WT mice treated with DSS. Significantly, by qPCR we observed increases in CD3 and CD4 gene expression (1.4-fold, ns, and 2.5-fold, p Ͻ 0.05, respectively), and a significant decrease in IL-10 (2.4-fold; p Ͻ 0.05) gene expression in the APN-KO versus WT DSS groups (2-fold; p Ͻ 0.05; Fig. 6 , C and D). Moreover, through flow cytometry increased staining was observed for immune cells expressing CD19, F4/80, CD3, CD4, and CD8 from APN-KO colons treated with DSS versus all groups (Fig. 6E) .
Given that B cell activation occurs in secondary lymphoid organs, we examined splenic size and B cell activation status. Importantly, we found that APN-KO DSS mice had spleens 1.3-fold heavier than WT DSS (p Ͻ 0.05; Fig. 7A ). Moreover, by immunofluorescence, APN-KO colitic murine spleens expressed 3-fold more CD45 and had 2.8-fold greater colocalization of CD40 and CD45R, than the WT murine DSS group (Fig.  7 , B and C; p Ͻ 0.01 and p Ͻ 0.001, respectively). Additionally, the gene expression of CD19, CD40, and IL-4 and IL-13 was increased in APN-KO DSS mice versus WT DSS mice (all p Ͻ 0.05). Taken together, these data suggest that APN-KO mice treated with DSS had an enhanced B cell inflammatory response.
Analyses by immunofluoresence showed that STAT3 co-localized with CD45R and thus B cells in both WT and APN-KO mouse colons. Significantly, DSS-treated APN-KO colons were found to have 1.8-fold increased co-localization of STAT3 and CD45R versus WT mice receiving DSS (p Ͻ 0.001; Fig. 8A ). Further evaluation by Western blot analysis showed that 3-fold more phosphorylated STAT3 protein was present in APK-KO colitic mice, compared with APN-KO controls (p Ͻ 0.001; Fig.  8B ). In contrast, p-STAT3 and STAT3 protein levels were unchanged between WT control and DSS-treated mice (Fig.  8B ). In support of this data, we observed increased IL-6 gene expression (3.2-fold) in APN-KO colitic mice, compared with WT mice treated with DSS (p Ͻ 0.001; Fig. 6C ).
To confirm a role for STAT3 in APN signaling, we utilized the HCT116 in vitro model of colitis. Here, we found that DSS treatment increased p-STAT3 protein levels 3-fold compared with controls (p Ͻ 0.001). The addition of APN assisted in reducing p-STAT3 protein expression 1.5-fold (p Ͻ 0.05; Fig.  8C ). Importantly, when AdipoR1 expression was ablated by siRNA, there was no change in p-STAT3 levels after DSS and APN treatment (Fig. 8D ). These data suggest that APN, through AdipoR1, can modulate STAT3 signaling.
Discussion
We investigated the pathogenesis of DSS-induced colitis with respect to the functional role of APN. In summary, our in vivo and in vitro studies demonstrate that the absence of APN results in severe colonic inflammation and greater disease activity, with increased IEC apoptosis, colonic crypt disruption, and extensive B cell infiltration. Importantly, the protective effects of APN were dependent on the expression of AdipoR1.
We chose to use APN null mice generated from the Matsuzawa lab, because these mice reflect the known protective and anti-inflammatory functions of adiponectin (27) (28) (29) (30) . To account for differences in the intestinal microflora and genetic heterogeneity of the C57B/6 line, we performed pilot experi- Figure 6 . B cell infiltration is associated with inflammation in APN-KO mice treated with DSS. A, CD45 staining (red) was increased in APN-KO DSS colons compared with controls and WT DSS groups (p Ͻ 0.001 for all comparisons). APN-KO control mice had increased CD45R staining compared WT control mice (p Ͻ 0.05). B, DAPI (blue), CD45 (red), and CD40 (green) co-localization in WT control, WT DSS, APN-KO control, and APN-KO DSS colons. Analysis showed increased CD40/CD45R colocalization in the APN-KO DSS treatment versus controls and WT DSS (p Ͻ 0.01 and 0.001). C, inflammatory cytokine profile by qRT-PCR analysis in WT and APN-KO mice treated with DSS, showing increases in IL-1␤ (p Ͻ 0.05), IL-4 (p Ͻ 0.001), IL-5 (p Ͻ 0.05), IL-6 (p Ͻ 0.001), IL-13 (p Ͻ 0.001), the B cell marker CD19 (p Ͻ 0.001), activation marker CD40 (p Ͻ 0.05), and CD68 (p Ͻ 0.001). CD3 was not significantly changed and IL-10 was reduced (p Ͻ 0.01). CD4, a T helper cell marker, was increased (p Ͻ 0.05). Tissue ELISA showed increases in IL-1␤ (p Ͻ 0.01), IL-4 (p Ͻ 0.0001), and IL-6 (p Ͻ 0.0001). D, F4/80 staining (red) was increased in APN-KO DSS mice compared with controls and WT DSS groups (**, p Ͻ 0.01; ***, p Ͻ 0.001). F4/80 staining was increased in WT DSS mice when compared with WT and APN control groups (p Ͻ 0.01 all groups). Scale bar, 25 m. E, flow cytometry of digested colons showed increased staining for CD19, F4/80, CD3, CD4, and CD8. *, p Ͻ 0.05. ments with DSS concentrations ranging from 0.5 to 2.5% over the standard 7-day period (31)(data not shown). We found that 1.5% DSS induced colitis in WT and robustly in APN null mice, and at higher concentrations no additive effect on intestinal pathology. Next, to ensure that genetic differences were limited, only littermate controls were used from heterozygous breeding.
As expected, and in line with Nishihara et al. (32) we observed that APN null mice treated with DSS had higher clinical activity scores and inflammation. However, those investigators did not evaluate IEC mitosis and apoptosis, both critical determinants of colitis activity. We performed histology for Ki67 and Caspase-3 and -7, and confirmed that less proliferation and more apoptosis was present in DSS-treated APN KO IEC layers. Because DSS is toxic to IECs and promotes apoptosis, we complemented these data using a novel system by treating HCT116 cells in vitro with DSS and APN. We saw that DSS increased apoptosis and reduced proliferation, whereas in the presence of APN, this was reversed and coincided with normalization of the apoptosis and stress markers p53, Bcl-2, ERK, and p38.
Previous studies have not mechanistically addressed the role of adiponectin receptors in DSS-induced colitis. Here we observed in APN-KO mice that the protein expression of Adi-poR1 was up-regulated and in contrast, AdipoR2 protein expression was down-regulated. In WT mice treated with DSS, it has been reported that AdipoR1 was more prevalent in the murine colon (32) , and through confocal analyses we observed that APN colocalized with AdipoR1 in the colon, confirming their interaction. Studies using HCT116 cells have shown that APN acting through AdipoR1 and -R2 can repress HCT116 proliferation, whereas receptor knockdown equated with increased proliferation (33) . Thus, we chose to knockdown Adi-poR1 and evaluated the action of APN during in vitro DSS treatment. As expected, AdipoR1 absence followed by APN treatment did not rescue HCT116 cells, suggesting that this interaction is important for promoting IEC survival. These data are in agreement with other cellular stress systems where Adi-poR1 is necessary to reduce cellular damage and apoptosis (34, 35) . Importantly, it has been recently demonstrated that intracolonic injection of AdipoR1 siRNA worsens colitis in mice, thus reinforcing our observations (36) . Taken together, these data suggest that APN through AdipoR1 is critical for maintaining IEC survival.
Previous studies concerning the role of APN in DSS-induced colitis have not adequately investigated all facets of the immune response, leaving open possible roles for APN in other inflammatory responses. Moreover, if these studies were not performed with littermate controls and clean animals, inappropriate data would be generated. Therefore using our experimental protocols, we examined a spectrum of inflammatory markers by qPCR, immunofluorescence, and flow cytometry. We found a modest increase in T-cell numbers as represented by CD3 and CD4 gene expression and flow cytometry. We assessed for other factors and saw up-regulation of CD19 and CD40, and increased co-localization of CD45R and CD40 suggesting that (37) . It has also been reported that IL-4 knock-out mice are protected from DSS-induced colitis and can facilitate B cell division and proliferation (38, 39) . Likewise, IL-5 can support the growth and differentiation of B cells and increase the secretion of immunoglobulins (40) . Finally, IL-13 has been shown to induce the apoptosis and dissociation of the IEC barrier during murine colitis (41) and to induce B cell proliferation (42) .
Given these data, there are some plausible roles for APN in modulating B cell function. First, reduced levels of APN through a B cell-mediated mechanism has been shown to facilitate the entry of T cells into inflamed tissues and thereby to promote autoimmunity (43) . Taking into account that T cell numbers are modestly increased, and CD4 gene expression is elevated, it is possible that this mechanism is operative. Second, APN inhibits B lymphopoiesis in long-term bone marrow cultures, suggesting that limited APN may promote the expansion of B cells and/or a selected lineage (44) . Subsequently, autoimmunity can result when negative selection is unable to remove the potentially pathogenic autoreactive B cells during development or as a result of B cell antigen receptor somatic mutations during affinity maturation in germinal centers. This can occur due to alterations in B cell signaling, apoptosis, activation, and/or proliferation, contributing to the chance that a reactive B cell that recognizes a self-antigen from the colon can escape, expand, and contribute to disease. It remains to be determined at what level APN regulates B cell activation, maturation, and expansion and what is the identity of the antigen, and how the other immune subsets contribute to the phenotype. Nevertheless, our data suggest a new role for adiponectin in regulating immune B cell responses during DSS-induced colitis. It also needs to be questioned as to what is the relevance of our findings to patients? Previous studies have shown elevated and activated B cells in human IBD (45, 46) . However, a relationship between B cell numbers, IBD, and obesity, where serum adiponectin levels are lower, has not been examined in any study.
IL-6 null mice and intestinal epithelial IL-6 conditional knock-out mice are highly susceptible to experimental colitis, indicating that STAT3 modulates intestinal homeostasis (47, 48) . In the mouse intestine, lamina propria and macrophages are the major sources of IL-6. Consistent with the work of Nishihara et al. (32) we find in the absence of APN, there is increased macrophage numbers and IL-6, and independent of that report, reduced IL-10 gene expression in APN-KO mice treated with DSS. Previous studies have shown that APN can limit IL-6-induced macrophage proinflammatory signaling through reduced STAT3 phosphorylation (49) . The most likely explanation for our phenotype then, is that the absence of adiponectin does not restrain macrophage activation and IL-6 release. STAT3 is also important in determining IEC cell fate and we find in our in vitro model that DSS promotes both apoptosis and increased STAT3 phosphorylation. Given the relationship between APN and IL-6 and that no previous study had addressed how APN could regulate STAT3 signaling in IECs, we treated HCT116 cells with DSS, specific AdipoR1 siRNA, and recombinant APN. Significantly, we find that STAT3 activity was reduced when APN was applied and this was dependent on the presence of AdipoR1. Thus, a conceivable role for IL-6 is to act on IECs, induce STAT3 activity to promote their proliferation and survival in the absence of adiponectin, and a sustained inflammatory response.
Finally, it must be discussed that other studies examining the role of APN in mouse models of DSS-induced colitis are contradictory. Nishihara et al. (32) observed that APN-KO mice are susceptible to disease, with increased inflammation and elevated mRNA levels of IL-1␤, IL-6, and TNF␣. Significantly, application of adenovirus overexpressing APN protected both WT and APN-KO against colitis. Likewise, in another independent study, WT mice treated with DSS and an APN adenovirus were protected (50) . In marked contrast, the work of Fayad et al. (51, 52) reported that DSS treatment and APN absence was protective against colitis, and a reduced inflammatory response was observed. These differences could be explained by variations in methods, the source of KO mice, the form of recombinant APN, and the pathogen status of the animal facilities. For example, for Nishihara et al. (32) control WT mice of the same background were attained from an external provider and APN-KO mice were sourced from the Matsuzawa lab (27) . Whereas, Fayad et al. (53) used littermate controls, but included heterozygotes in the WT group and sourced APN-KO mice from the Chan lab. Such discrepancies between the lines of APN null mice have been previously observed as they have different biological responses (27, 53) .
In summary, our data suggest that APN is protective against DSS-induced colitis and its action is mediated most likely by binding to AdipoR1 and concomitantly suppressing B cell-induced inflammatory responses. Together, these mechanisms protect the IEC layer from damage.
Experimental procedures
Mice APN-KO mice were bred for at least 12 generations on a C57B/6 background. Subsequent studies were performed with littermate male C57B/6 mice (wild type) and APN-KO mice (n ϭ 9 per group). Mice were checked for all known pathogens and determined disease free. They were maintained on a standard diet until reaching experimental age (6 -12 weeks) in accordance with the Western Sydney Local Health District Animal Ethics Committee guidelines.
Dextran sulfate sodium-induced colitis
Male mice aged 6 -12 weeks were given 1.5% DSS (molecular mass 36 -50 kDa; MP Biomedicals; catalog number 0216011080) in autoclaved drinking water for 7 days, with fresh DSS being replaced on days 3 and 5. Control mice were provided standard autoclaved drinking water; all animals were sacrificed on day 8 of the study.
Histology
At harvest, the colons were excised and the length measured, and then flushed with ice-cold PBS to remove fecal matter, dissected, and embedded in OCT and snap frozen. Other samples were fixed in 70% ethanol and embedded in paraffin. Sections of 5 m were cut and stained with hematoxylin and eosin for histological analysis, and blinded pathology scoring of crypt inflammation was performed (by P. B.).
Immunofluorescence
Frozen 7-m colonic sections were fixed with acetone and stained with antibodies against: Ki67 (Abcam; catalog number 15580), CD3 (Santa Cruz; catalog number sc-1127), CD45R (Abcam; catalog number ab4100), CD40 (Santa Cruz; catalog number sc-975), F4/80 (Invitrogen; catalog number MF48000), STAT3 (Cell Signaling; catalog number 9132), and caspases-3 and -7 (ImmunoChemistry Technologies FAMFLICA TM ; catalog number 93). HCT116 colonic epithelial cells were also stained with caspase-3 and 7 (FAMFLICA TM ; catalog number 93). All slides were counterstained with DAPI and image acquisition was performed on a Leica DM LB confocal microscope (Leica, Germany) and analyzed with ImageJ.
RNA isolation and qRT-PCR
Total RNA from cells and tissues was isolated with RNeasy (Qiagen). A 260/280 ratios and RNA quantity were determined by a NanoDrop ND-1000 spectrophotometer. 1000 ng of total RNA was reverse transcribed into cDNA using SuperScript III reverse transcriptase (Invitrogen). Quantification of mRNA expression was performed by qRT-PCR using a Corbett 6000 rotor gene platform (Corbett). Analyses consisted of 6 samples for each group. The primer pairs are listed in Table 1 , and were normalized to GAPDH.
Protein extraction and Western blotting
Cell culture as well as protein lysates from colonic tissue were separated using polyacrylamide gels and run at 110 V in 1ϫ Running buffer (25 mM Tris, 250 mM glycine, 0.1% (v/v) SDS). Gels were transferred to Immobilon-P PVDF membranes (Millipore). Membranes were then blocked in TBST (0.1% Tween 20) with 5% skim milk for 1 h, and subsequently incubated in primary antibody against: adiponectin (Affinity Bioreagent; catalog number PA1-84881), Caspase-3 (Santa Cruz; catalog number sc-7148), AdipoR1 (Santa Cruz; catalog number sc-46748); and from Cell Signaling: Akt (catalog number 9272), p-Akt (catalog number 9271), ERK1/2 (catalog number 9102), p-ERK1/2 (catalog number 9101), PI3k (catalog number 4249), p-STAT3 (catalog number 9131), p38 MAPK (catalog number 9212), p-p38 (catalog number 9212) and p53 (catalog number 9282), and ␤-actin (Sigma; catalog number A2228) in 4% skim milk solution overnight at 4°C. Membranes were then washed, and incubated in secondary antibodies diluted in 4% skim milk for 1 h. Probed membranes were visualized using SuperSignal West Pico/femto chemiluminescent kits, and exposed using ChemiDoc TM (Bio-Rad). Western blots were performed in triplicate and protein expression was quantified using ImageJ (National Institutes of Health, Bethesda, MD) and normalized according to the respective ␤-actin bands.
Flow cytometry and ELISA
2-3 Colons of each line were flushed with PBS and treated sequentially with 5 mM EDTA in PBS and collagenase (20 units/ ml) and DNase (0.5 mg/ml) for 30 min, filtered through a 70-m cell strainer, and stained with 7-aminoactinomycin D, anti-F4/80 (clone BM8), CD19 (clone 1D3), CD3 (clone 145-2C11), CD4 (clone GK1.5), and CD8 (clone 53-67; BioLegend). Flow cytometry was performed on a BD LSRFortessa and analyzed with FlowJo. The ELISA was preformed with colon tissue from 5 to 6 mice pooled and homogenized in PBS containing protease inhibitors and normalized to 1 mg/ml and IL-1␤, IL-4, and IL-6 (BioLegend).
In vitro colonic epithelial cell colitis
In vitro colonic epithelial cell colitis was induced as previously reported (54) in HCT116 cells cultured in McCoys 5A modified medium (Sigma; catalog number M4892) containing 10% fetal calf serum (FCS). For experiments, cells were treated with 1.5% DSS, 3 g/ml of recombinant APN (Biovendor; catalog number RD172023100), or a combination of the two in serum-free media in triplicates. Cell proliferation was assessed using a bromodeoxyuridine (BrdU) kit (Roche Applied Science). Human AdipoR1 small interfering RNA (siRNA; Life Technologies) was used to knockdown AdipoR1 according to the manufacturer's instructions. Scrambled siRNA and untreated cells were used as controls.
Statistical analysis
All values are reported as mean Ϯ S.E. p values were determined using a one-way analysis of variance for experiments with greater than two groups, and Bonferroni post testing. The Student's t test was employed for statistical comparison between two groups (GraphPad Prism). All experiments were performed three times and p Ͻ 0.05 was considered as statistically significant.
